The Heterodyne Instrument for the Far Infrared (HIFI) onboard the Herschel Space Observatory allows the first observations of light diatomic molecules at high spectral resolution and in multiple transitions. Here, we report deep integrations using HIFI in different lines of hydrides towards the high-mass star forming region AFGL 2591. Detected are CH, CH + , NH, OH + , H 2 O + , while NH + and SH + have not been detected. All molecules except for CH and CH + are seen in absorption with low excitation temperatures and at velocities different from the systemic velocity of the protostellar envelope. Surprisingly, the CH(J F,P = 3/2 2,− − 1/2 1,+ ) and CH + (J = 1 − 0, J = 2 − 1) lines are detected in emission at the systemic velocity. We can assign the absorption features to a foreground cloud and an outflow lobe, while the CH and CH + emission stems from the envelope. The observed abundance and excitation of CH and CH + can be explained in the scenario of FUV irradiated outflow walls, where a cavity etched out by the outflow allows protostellar FUV photons to irradiate and heat the envelope at larger distances driving the chemical reactions that produce these molecules.
Introduction
The simplest constituents of interstellar chemistry, light diatomic hydrides and their ions (XH and XH + with X=O, H, C and N), have so far not been studied thoroughly. Since their rotational ground state lines lie mostly outside atmospheric windows, they cannot be observed from ground. However, they are key-species of the chemical network. For example, most water at high temperature (T > 250 K) is formed by the reaction of OH with H 2 . Moreover, once their chemistry and excitation is well understood, they may be valuable tracers of warm and partly ionized gas (e.g. Sternberg & Dalgarno 1995; Bruderer et al. 2010) . This is of particular interest in the context of star formation, as the radiation of the forming star may heat and ionize the envelope giving birth to it.
Chemistry and excitation of hydrides is characterized by high activation energies and high critical densities. For example, the only formation route of CH + is via the highly endothermic reaction C + + H 2 + 4640 K → CH + + H. The critical density 1 for many hydrides is very high. For example the CH + (J = 1 − 0) transition has a critical density of ∼ 5 × 10 7 cm −3 for collisions with H 2 at 500 K (Hammami et al. 2009 2 ). This very reactive ion may however be destroyed rather than excited in collisions with H 2 (Black 1998). Thus, the excitation of the ions studied here may be governed by the initial state in which they are formed rather than by equilibrium with collisions or the radiation field. The situation of considerable abundance only at high temperature (T ≫ 100 K), high critical density and quick destruction in collisions with H 2 is similar to CO + , studied by Stäuber & Bruderer (2009) . Finally, if a molecule is abundant, but not excited, it may still act as an absorber of a background continuum source and shows up as an absorption line.
The Heterodyne Instrument for the Far Infrared (HIFI; de Graauw et al. 2010 ) onboard the Herschel Space Observatory allows for the first time to carry out spectrally resolved observations of different transitions of hydrides and thus to disentangle moving regions along the line of sight and to study fine/hyperfine structure components.
AFGL 2591 is a well studied high-mass star forming region at a distance of ∼ 1 kpc (e.g. van der Tak et al. 1999 ). The source is relatively nearby and its geometry thus well known (e.g. Preibisch et al. 2003) . There is evidence for a cavity along the outflow that allows FUV photons to escape to longer distances and irradiate the outflow walls (Bruderer et al. 2009a,b) . In these high-density PDRs, the abundances of hydrides can be enhanced by several orders of magnitude. Chemical models of this scenario predict fluxes for the CH + (J = 1 − 0) line of up to 16 K km s −1 for AFGL 2591, while those from a spherical model are far below the detection limit of Herschel . (Mürtz et al. 1998) . Dual beam switch mode with fast chopping was used. To disentangle lines from the upper and lower side band, the local oscillator frequency was slightly shifted after half of the integration time. Data were converted to T mb using a main beam efficiency of 0.74. Data from the WBS spectrometer are used and the H and V polarizations have been averaged after visual inspection. Table 1 gives the noise level of the observation T rms for the nominal resolution of the WBS spectrometer (1.1 MHz). Data were reduced with the Herschel interactive processing environment (HIPE) package version 2.9.
Observations and data reduction

Results
Spectra of detected target lines are given in Fig. 1 
Modeling the line spectra
The line profile is modeled using a two-layer model (red and blue) solving the radiative transfer equation along the line of sight (Appendix B). Slab geometry is assumed and the absorbing/emitting foreground layers cover the whole background continuum. Free parameters per component are the column density, the excitation temperature and the line width and position. The intrinsic line profile is assumed to be a Gaussian. The upper limits of the OH + and H 2 O + excitation temperature are lower than the energy of the upper level and for such low temperatures, the absorption lines do not depend much on the excitation temperature. We thus fix T ex at 3 K. Parameters of the best-fit model are given in Table 2 . The model spectra are overlayed on the observed spectra in Figure 1 . The figure also gives only one component, showing the necessity of a second component. A good fit is obtained for the CH, NH and H 2 O + lines. For CH and OH + , further components would improve the fit. For OH + , an asymmetric line would presumably be needed to fit observations. However, for the conclusions drawn here, we concentrate on the strongest components. A third component has only been added to model the emission peak of CH + at the systemic velocity of the envelope. The CH column densities derived with this method are larger compared to the calculation assuming optically thin lines. This is because the fitting of the different fine structure components requires a peak optical depth of τ ∼ 2.
Discussion
The blue-shifted component of OH + , H 2 O + and CH + suggests the association with the outflow lobe directed towards us. Mitchell et al. (1989) The component is not clearly detected in CH. The NH absorption is less shifted to the blue and narrower. The velocity shift of ∼ −10 km s −1 corresponds to a narrow absorption feature seen in 12 CO(J = 3 −2) JCMT observations (van der Tak et al. 1999). They conclude that the absorption must take place in cold and/or tenuous gas, as it is not found in 12 CO(J = 6 − 5).
The red-shifted absorption at v lsr = −0.2 to 2.8 km s −1 is likely associated to a cold and extended foreground cloud, observed in CO (Mitchell et al. 1992; Hasegawa & Mitchell 1995) . The small line width in their spectra approximately agrees with the narrow absorption lines seen in CH, OH + , H 2 O + and NH. The broad absorption of CH + is surprising: since it is only seen in CH + (J = 1 − 0), but not CH + (J = 2 − 1), the excitation temperature must be lower than 8 K, used to fit the blue shifted component. This indicates either less dense or colder gas. The ionized species OH + , H 2 O + and CH + are more red-shifted and have broader lines, compared to the neutral CH and NH.
The abundances of molecules in the absorption features are roughly estimated from the total column density (N H = N(H) + 2N(H 2 )) obtained from 13 CO column densities and presented in Table 2 . We use a CO abundance of n(CO)/n(H 2 ) = 3.7 × 10 −4 (Doty et al. 2002) and 12 CO/ 13 CO ∼ 77 (Wilson & Rood 1994) . Since the red component is a low-density foreground cloud, the fractional abundances of CH, H 2 O + and NH have been compared to a chemical model for a diffuse/translucent cloud (Le Petit et al. 2004 ) and found to agree within a factor of ∼ 2. The underprediction of CH + by a factor of more than 100 is well known for such models, but models of turbulent dissipation regions (Godard et al. 2009 ) can explain fractional abundances reached here. OH + is underpredicted by a factor of 6 but the observed OH + /H 2 O + ratio of 7.3 is comparable to the value of > 4 found by Gerin et al. (2010) and explained by low density gas with a low molecular fraction. The blue component is thought to arise in tenuous warm gas in the outflow lobes directed toward us. The observed OH + and H 2 O + abundances are lower by factors of 7 and 16, respectively, but the OH + /H 2 O + ratio is still large, about 3. As shown in Figure 2 of Gerin et al. (2010) such ratios are consistent with models with densities up to a few thousand cm −3 and enhanced radiation fields, as expected in the outflow lobe. The fractional abundances of CH + and NH are similar to those found in the red component within a factor of ∼ 2. More specific modeling of these components must await better determinations of their physical conditions.
Where does the CH and CH + emission emerge from? The line velocity suggests that the emission stems from the envelope of AFGL 2591. Abundances of CH and CH + are difficult to estimate from column densities, due to the strong gradient in density in the envelope and thus the changing excitation. A spherical power-law density profile of the envelope (van der Tak et al. 1999) yields a density of n(H 2 ) ∼ 10 6 cm −3 at scales of the Herschel beam. Relative to the column density of N H ∼ 10 23 cm −2 within the region with density 10 6 cm −3 , we get abundances of 4 × 10 −9 (CH) and 9 × 10 −11 (CH + ). Why are the hydrides mostly in the ground-state? The excitation temperature T ex of a species, assumed to have only two levels, is given by
with the kinetic temperature of the collision partner T kin , the energy difference between the levels ∆E, the escape probability for a line photon β, the critical density n crit and the density of a collision partner n(H 2 ). The observed excitation temperature of CH + (J = 1 − 0) of 38.4 K can be reproduced by Eq. 2 with β ∼ 0.04, assuming a kinetic temperature of 500 K, necessary for the formation of the molecule, and a H 2 density of order 10 6 cm −3 , typical at scales of the Herschel beam. This β corresponds to an optical depth of a few at the line center, depending on the expression used for β = β(τ). Far infrared radiation by the dust continuum also pumps the molecule. Critical densities of other hydrides are not well known, but likely of similar order. Thus, the observed low excitation temperature found for OH + and H 2 O + can be well explained by the origin of the absorption in tenuous gas.
Predictions for CH and CH + abundances and line fluxes can be made utilizing the photochemical and outflow model of Bruderer et al. (2009b) . In a spherical envelope model, Bruderer et al. (2010) find volume averaged abundances orders of magnitude lower than observed (∼ 6 × 10 −11 for CH and ∼ 5×10
−16 for CH + ). They present also a model including a cavity etched out by the outflow, where protostellar FUV radiation can escape and directly irradiate the outflow wall. The central protostar with a luminosity of L bol ∼ 2×10 4 L ⊙ and T eff ∼ 3×10 4 K can heat the gas in the outflow walls to above 1000 K at scales of the Herschel beam. Depending on the radius over which the abundance is averaged, abundances of (0.6 − 2) × 10 −9 for CH and (0.4 − 4) × 10 −9 for CH + are found with the outflow wall model, in acceptable agreement with the observations.
Calculating the radiative transfer in the lines for direct comparison with observations yields fluxes of (4.3 − 16.1) K km s We conclude that the scenario of FUV irradiated outflow walls can quantitatively reproduce the abundances and fluxes observed in CH and CH + emission. This indicates the presence of a large volume/mass of hot, FUV irradiated and extended gas in the envelope of this high-mass young stellar object.
Conclusion
We use the new Herschel-HIFI instrument to observe light hydrides towards the high-mass star forming region AFGL 2591. Besides OH + , H 2 O + and NH detected in absorption only, we see CH and CH + in emission. The red and blue velocity shifted absorption can be assigned to a foreground cloud and an outflow lobe directed towards us, respectively. The emission of CH and CH + is at the source velocity. Its abundance and excitation can be explained in the scenario of direct FUV irradiation of the envelope through a low density cavity of the outflow region. Table 1 . For clarity, the spectra of CH(5/2 3,+ − 3/2 2,− ) and OH + (2 1,3/2 − 1 1,3/2 ) have been scaled by a factor of 0.1. In the spectrum of CH(5/2 3,+ − 3/2 2,− ), the H 2 O(2 21 − 2 12 ) line is detected, which will be presented in an upcoming paper (van der Tak et al., in preparation) . The H 2 O + (2 02,3/2 − 1 11,3/2 ) spectrum contains a SO 2 line with upper level energy similar to the lines detected by van der Tak et al. (2003) in the same source. In the other sideband of the NH + (3/2 + − 1/2 − ) spectrum, the OH + (2 1,3/2 − 1 1,3/2 ) line is seen. In the upper side band of the SH + (1 2,5/2 − 0 1,3/2 ) line, the HCO + (6 − 5) line has been detected. The velocity range of ±40 km s −1 corresponds to a frequency range of ±67 MHz at 500 GHz and ±253 MHz at 1900 GHz. Thus, the lines should be seen in the spectra, even if the predicted rest frequency is grossly wrong. 
